Laboratory experiments are useful to constrain the environmental parameters that have allowed the formation of the ancient hydrous mineralogical assemblages observed at the surface of Mars, which are dominated by ferric smectites. Weathering under a dense CO2 atmosphere on early Mars is a process frequently invoked to explain their formation but has proven difficult to test in the laboratory due to low reaction rates. Here, we present a long- 
to 100 nm in diameter) and Mg-carbonates under CO2, but are limited to rare kaolinite under ambient air. The observation of kaolinite particles and the significant amount of Al measured in smectites despite the Al-poor nature of the initial material shows that this element is easily concentrated by low-temperature processes. The concentration of this element by weathering could lead to the formation of Al-rich upper horizons, as frequently observed on Mars.
Introduction
Several lines of evidence point toward the presence of an active hydrosphere on early
Mars. These lines of evidence include the extensive networks of fluvial valleys (e.g., Craddock and Howard, 2002; Hynek et al., 2010) , the highly degraded impact craters (e.g., Craddock et al., 1997; Mangold et al., 2012) and the widespread secondary minerals, dominated by Fe/Mg-smectites (e.g., Poulet et al., 2005; Carter et al., 2013) . However, the implications of all these observations for the nature of the early Martian climate have beenand continue to be -the subject of intense debate. For example, it has been proposed that a large fraction of the Martian clay minerals were formed in the subsurface by hydrothermal groundwater circulation and thus that the conditions at the surface were not necessarily very different from today (e.g., Ehlmann et al., 2011) . In turn, numerous vertical sections of Alrich clays overlying Fe/Mg-smectites, a setting typical of terrestrial weathering profiles (e.g., Gaudin et al., 2011) , have been observed in various regions of the planet and interpreted as a strong evidence for low-temperature, near-surface aqueous alteration of the crust, and thus for a warmer and wetter climate (e.g., Carter et al., 2015) .
More recently, the detailed monitoring of the Martian upper atmosphere by the MAVEN (Mars Atmosphere and Volatile EvolutioN) mission has provided the first reliable estimates of cumulative atmospheric escape over the history of the planet (Jakosky et al., 2017) . These results indicate that Mars has lost several tenths of bars to a few bars of CO2 over the last 4 billion years, as well as several meters to several tens of meters GEL (global equivalent layer)
of H2O (Jakosky et al., 2017) . Therefore, independently from the difficulties to generate a warm and wet climate using GCMs (global circulation models; e.g., Forget et al., 2013) , the observational evidence -from both the surface and now the upper atmosphere -point toward extensive interactions between the early Martian crust, an active hydrosphere and a relatively thick CO2 atmosphere. Nevertheless, many long-standing questions related to the duration, amplitude and exact geochemical conditions (e.g., pH, redox) of early Mars surface alteration remain largely unresolved. Yet, low-temperature weathering is not a process that has been thoroughly explored by laboratory experiments using relevant conditions (i.e., CO2
atmosphere) and starting materials (i.e., basaltic silicates). Here, we present new experimental results obtained under such conditions in order to better understand the weathering processes that occurred at the surface of Mars.
Background: experimental alteration under Mars conditions
Laboratory experiments are useful to constrain the environmental parameters that would (or would not) have allowed the formation of the ancient mineralogical assemblages observed at the Martian surface by orbital and in situ missions. However, most experimental studies aiming at recreating Mars' secondary mineralogy have focused so far on conditions producing fast reaction rates, such as low pH (e.g., Chevrier et al, 2004; Tosca et al., 2004; Dehouck et al., 2012; Marcucci and Hynek, 2014) and/or high temperature (>100 °C ; e.g. Schröder et al., 2004; Peretyazhko et al. 2016) . These studies thus provide information about acid-sulfate and/or hydrothermal processes, but not about aqueous alteration in milder conditions, referred here as weathering. Similarly, in the context of Earth's climate change mitigation, there are numerous experimental studies of the "carbonation" of primary silicates such as olivine (e.g., Giammar et al., 2005; Bearat et al., 2006; Gerdemann et al., 2007; Daval et al., 2011) , but again these studies are generally carried out in conditions favoring fast reaction rates (T >100 °C and/or pCO2 >100 bars) and are thus not applicable to planetary surficial processes. Overall, the search for fast reaction rates has biased the experimental literature toward short-term alteration processes, even though long-term processes such as weathering have been equally (if not more) important in creating secondary mineralogical assemblages typically observed on Mars, in particular those involving several varieties of clay minerals.
In the past years, our group has developed a series of laboratory experiments to fill this gap in the experimental knowledge of alteration (Table 1) . Low-temperature weathering experiments using olivine and pyroxenes as starting materials were described by Dehouck et al. (2012 Dehouck et al. ( , 2014a Dehouck et al. ( , 2016 and showed that a reaction predicted by geochemical modeling to produce predominantly carbonates could instead produce smectite clays and amorphous silica.
The first series of experiments were carried out over 4 years at room temperature in rock-dominated conditions (i.e., at low liquid/rock ratio) and showed interesting differences in chemical pathways (Dehouck et al., 2016) . In particular, it was observed that the addition of an oxidizing compound (H2O2) under CO2 could inhibit the formation of smectites and favor the formation of carbonates -and conversely when the environment is anoxic. These results thus strongly suggest that anoxic conditions were required to form the widespread Fe/Mgsmectites through weathering of the Martian basaltic crust under a CO2 atmosphere (Dehouck et al., 2016) . Moreover, Dehouck et al. (2014a) studied the alteration of forsteritic olivine under CO2 in water-dominated conditions (i.e., at a liquid/rock ratio of 10). After three months of reaction, the samples exposed to anoxic conditions showed the development of significant amounts of a silica-rich phase as well as Mg-rich smectites on the olivine grains, and only traces of carbonates, whereas the samples exposed to CO2 and H2O2 produced only the silica-rich phase.
Unfortunately, in the two studies described above, the low abundance of the secondary products (especially smectites) hindered their detailed chemical and SEM/TEM petrographic characterization. This may have been due, in part, to the absence of continuous stirring (the reactors were only stirred manually a few times per week in the work of Dehouck et al., 2014a) . Therefore, building from our experience, we conducted a new experiment similar in principle to the one presented by Dehouck et al. (2014a) , but specially designed to increase as much as possible the amount of reaction products, with the hope of being able to investigate in more details their nature and properties. Specifically, our new experimental setup allowed us to weather forsteritic olivine in a CO2 glove box (1) with continuous stirring of the reactors and (2) during 470 days, which is more than five times longer than the study of Dehouck et al. (2014a) . The chemistry, mineralogy and petrography of the altered samples were characterized by means of near-infrared spectroscopy (IR), X-Ray diffraction (XRD), thermogravimetric analyses (TGA) and scanning and transmission electron microscopy (SEM and TEM), as detailed in Appendix 1.
Starting material and experimental setup
As a starting material, we selected a natural sample of forsteritic (Fo 90 ) olivine. Olivine is a common component of ultramafic and mafic rocks, from which the martian crust is mainly made. It has been unambiguously detected in various regions of Mars based on orbital data (Hoefen et al., 2003; Mustard et al., 2005; Poulet et al., 2007; Ody et al., 2013) . Moreover, among the secondary minerals discovered so far in olivine-rich regions of Mars (Mangold et al., 2007; Ehlmann et al., 2009; Gaudin et al., 2011; Bishop et al., 2013) , several species of phyllosilicates (smectites, serpentines) and carbonates (magnesite, hydromagnesite) are known to derive from olivine or olivine-bearing rocks in terrestrial environments (e.g., Delvigne et al., 1979; Velbel et al., 1991; Wilson, 2004) . Finally, forsteritic olivine is weakly resistant to weathering, but it is also sufficiently common on the surface of the Earth -as opposed to fayalitic olivine, in particular -to be found in "fresh" state and in sufficient amount to meet the requirements of this study.
The forsteritic olivine used in this study originated from San Carlos, Arizona (USA) and consisted of olive-green, centimeter-sized monocrystals (De Hoog et al., 2010) . The cleanest grains were selected from the original lot and minor bright impurities macroscopically visible on the surface of some grains were removed using a diamond-covered abrasion tool. The grains were then cleaned using an ultrasonic bath in ethyl alcohol and finely crushed using an automatic crusher with agate balls. The resulting, white-colored powder was homogenized and sieved to obtain a <65 µm fraction. To monitor the purity of the olivine powder before the experiment, we performed a precise mineralogical and chemical characterization using powder X-ray diffraction, near-infrared spectroscopy, inductivelycoupled plasma optical emission spectroscopy (ICP-OES) and TEM-EDX (energy-dispersive X-ray) analyses. The XRD pattern showed no crystalline phase other than olivine. The nearinfrared spectrum shows minute absorption bands at 1.9 and 2.31 µm attributed to a Mg-rich smectite, which indicates that this olivine was slightly altered in the field before collection (Fig. 2) (Table 2) .
Two alteration experiments were carried out from the olivine. The first one was conducted under a pure CO2 atmosphere (1 bar) in a glove box (Mbraun-LABstar) and the second one was conducted outside the glove box, under ambient air. The glove box is equipped with an electrochemical oxygen analyzer (MB-OX-EC-PLC, 1-1000 ppm O2) and a single-column, fully automatic and regenerable CO2 purification system that maintains atmosphere levels of oxygen and moisture below 1 ppm. The reactors used were 60-mL glass bottles, in which 20 mL of ultrapure water were added to 2 g of powdered forsteritic olivine, giving a liquid-torock (L/R) ratio of 10. Basing on our previous experiments presented in Dehouck et al. (2014) where a blank experiment with only ultrapure water in a glass bottle was performed, we assume here a negligible effect of the dissolution of the glass bottle on the chemistry of the solutions, and therefore on the alteration of the olivine. Before the start of the experiment, the ultrapure water was placed in the glove box for 2 hours and continuously stirred in order to remove dissolved oxygen. The reactors were heated -so as to obtain a solution temperature of 45 °C -and stirred during the full 470 days of the experiment using a hotplate placed on top of an orbital agitator (IKA KS260 basic) ( Fig. 1) . At the end of the experiment, pH and Eh values of each solution were measured; then, the CO2 sample was dried in the glove box at ambient temperature, whereas the air sample was dried in an oven at 29 °C. Note that the experimental setup used by Dehouck et al. (2014a) did not allow to dry the samples under CO2 and that vacuum-drying was used instead.
Our experiments, closed environments with a low L/R ratio, were designed to reproduce the first stage of weathering at the alteration front of the profile, where drainage and leaching conditions are low and where Fe/Mg smectite is formed. Concerning the relatively "high" temperature used in these experiments to simulate weathering, we assume that a temperature increase from a room temperature to 45°C has an effect on the kinetics but not on the reaction pathways. The duration of our experiment is very short compared to a natural geological context of weathering. Therefore, we consider here the temperature, in the 15-50°C range, as a proxy of time. Thereby, the value of 45°C was chosen as a compromise between two opposite requirements: (1) increasing reaction rates to maintain the experiment in a reasonable timeframe and (2) keeping realistic conditions for surface aqueous processes.
Results

Bulk analyses
pH and Eh of the solutions. Measurements of pH and Eh values were performed at the end of the experiment after 470 days of reaction. Results indicate, as expected, a more acidic solution for the CO2 reactor with a pH value of 6.76 against a pH of 8.6 for the air one.
Concerning Eh, a value of -46 mv is measured for the CO2 reactor, indicating a reducing environment, and a value of 220 mv is measured for the air one, indicating an oxidizing environment.
Near-infrared spectroscopy. The near-infrared spectra obtained from the weathered samples compared to the initial one indicate only slight spectral modifications with an overall shape still typical of olivine, in particular with an intense and broad Fe 2+ -related composite band at 1.04 µm (Fig. 2a) .
In the 1.7-2.6 µm region (Figs 2b, c), the modifications observed for the CO2 sample consist of a significant increase of the 1.9-µm band, classically attributed to bound or interlayer water. This suggests the formation of hydrated phases during the experiment.
Moreover, we observe the appearance of a broad and asymmetrical band between 2.20 and 2.26 µm, attributed to a Si-OH vibration in silica (e.g. McKeown et al., 2011 ). An asymmetrical band at 2.31 µm with a slight shoulder near 2.29 µm are also observed and are assigned to trioctahedral Mg3-OH in a Mg -rich smectite (Cuadros et al., 2016) . The shallow band at 2.39 µm is also consistent with a Mg -bearing smectite ( Fig. 2b-c) . Finally, the 3.5-4.2 µm region (Figs. 2d, e) displays the appearance of a broad and deep band at 3.96 µm with a shoulder at 3.82 µm, which is attributed to Mg-carbonates, most likely to hydromagnesite (Mg5(CO3)4(OH)2·4H2O). It is possible that the shallow absorption band at 2.5 µm is also related to this carbonate.
Concerning the air sample, the absorption bands at 1.9, 2.29, 2.31 and 2.39 µm appear much more intense and better resolved than those described for the CO2 sample, indicating a larger amount of Mg-rich smectite formed in this experiment. Note that sharp bands at 2.69 µm and 2.72 µm are also identified and attributed to Mg-OH stretching vibrations in smectites (Pelletier et al., 1999) . Moreover, the band at ~2.2 µm has a different shape and is shifted toward shorter wavelengths compared to that of the CO2 sample. Therefore, here we interpret this band as due to Al2-OH environment in smectite (e.g. Bishop et al., 2011) rather than silica (Fig. 2b, c) . However, as some particles of kaolinite were detected by TEM (see below), a minor contribution of Al-OH related to this mineral cannot be ruled out but remains indistinguishable (absence of the characteristic doublet near 2.2µm). Lastly, no spectral feature of carbonate is detected in the 3.5-4.2 µm region (Figs. 2d, e).
Thermogravimetric and differential thermal analysis (DTA).
TGA and DTA curves of the initial olivine and of the CO2 and air samples are presented in figure 3 . A different thermal behavior between the three samples is observed. No significant loss mass is detected for the unaltered olivine. For the air sample, a total mass loss of about 0.7 % is measured from 17 to 800 °C, with a first rapid mass loss near 70 °C, followed by a slower gradual mass loss between 100 and 800 °C. In agreement with the smectite previously detected by IR in this sample, and as reported by Kooli and Jones (1997) for saponites, the first mass loss (-0.4 wt %) is interpreted as due to the loss of phisisorbed and interlayer water and the slower mass loss between 100 and 800 °C as due to gradual dehydroxylation of the smectites No rapid mass losses due to dehydroxylation of clay minerals are here measured. Thereby, dehydroxylation is expected to occur near 800-850°C for a saponite, 300-500°C for a nontronite, 700°C for a montmorillonite and 530-500°C for a kaolinite (e.g. Cuadros et al., 2013 , Földvári 2011 . Notice that the range of temperature (0-800°C) used for our analyses does not allow to detect the dehydroxylation of a saponite. TheCO2 sample curve shows a total mass loss of 2.1 %, with three regions of rapid mass loss. The first one (-0.8 wt %), between 20 and 250 °C, is accompanied by a H2O release and is likely due to the combined dehydration of smectite, silica and carbonate previously detected by IR. As for the air sample, it is probable that a gradual dehydroxylation of the smectite also occurs between 100 and 800 °C. The two other rapid mass losses (-1.3 wt %) near 425 and 515 °C are accompanied by a CO2 release and appear consistent with the occurrence of hydromagnesite previously detected by IR and with thermal data reported in Montoya et al. (2003) for this mineral. Since a pure hydromagnesite contains 37.65 wt % of CO2 and that the delta mass due to the CO2 release measured in this sample is of 1.3 wt %, the abundance of hydromagnesite is here estimated at 3.45 wt %.
XRD mineralogy. No significant mineralogical change before and after the experiment is detected by XRD, both in the CO2 sample and the air one (Fig. 4) . The amount of alteration products is too low to allow their detection by this method.
Microscopic observations and analyses
Petrological observations of altered olivine grains by SEM and TEM show significant modifications of their surfaces, both for the CO2 sample and the air sample. However, the nature of these modifications differ between the two samples.
CO2 sample. The surfaces of olivine grains altered under CO2 display the development of numerous silica spheres with a diameter comprised in most cases between 10 and 100 nm (Figs. 5c, d, e, 6 ) (e. g., "An 1" TEM-EDX data located in Fig 6 and reported in a Si-Fe-Mg diagram (Fig. 8) ). These particles are similar to those described in natural opals both in terms of morphology and size (e.g. Fritsch et al., 2006; Rondeau et al., 2004) . Their presence is also consistent with the Si-OH infrared band previously reported for this sample. The spheres appear either isolated and randomly dispersed (Fig. 5d) , or juxtaposed and coalescing to form larger layers (Fig. 5c ). Some partially organized stacking of the silica spheres are sometimes observed, especially along the break planes of olivine grains, and occurrences of bridges linking neighboring spheres are also noted ( Table 3 ) . These clay minerals are developed either directly on the olivine surfaces (Fig. 5b, 6c ), or as coatings around the silica spheres described above (Figs. 5e, 6a). The HRTEM study of the smectite flakes reveals very diffuse boundaries and blurred 001 fringes with numerous discontinuities. Most of the crystallites oriented perpendicularly to c* display fewer than 5 stacked layers. The measured (001) d spacing values vary between 12 and 13 Å (Fig. 6c ) and are thus typical of smectite structure (e. g. Brindley and Brown, 1980 ). These observations demonstrate that despite their low crystallinity, the flakes are true smectites and not amorphous precursors. Finally, we observed the occurrence of Mg-rich carbonate particles with minor iron, which is consistent with the hydromagnesite detected by infrared spectroscopy in this sample (Fig. 5f ).
Air sample. The olivine grains altered under ambient air appear almost entirely coated by flakes of Mg/Fe smectites ( Fig. 7a-e, Fig. 8 , Table 3 ) (e. g., "An 8" TEM-EDX data located in Fig. 7 and reported in Fig. 8 , Table 3 ) . These are clearly more extensively developed than previously described for the CO2 sample. At higher magnification by SEM, it can be seen that smectites display a typical honeycomb structure (Fig. 7 a, b) . The HRTEM study of the flakes again reveals very diffuse boundaries and blurred 001 fringes with numerous discontinuities and d spacing values varying between 12 and 13 Å (Fig. 7d) . We also observed some very small isolated pseudo-hexagonal particles, which could be interpreted as kaolinite ("An 25, 33" in table 3 and reported in Fig. 8 ) (Fig. 7f) . Finally, no carbonate or silica particles were detected in this sample.
Chemistry of the secondary products. TEM-EDX analyses of clay particles and silicarich spheres formed in the altered samples are reported in Si-Fe-Mg and Si-(Fe+Mg)-Al diagrams (Fig. 8 ). Since these phases have small sizes (<100 nm) and are developed as thin coatings around olivine grains, numerous compositions actually correspond to mineralogical mixtures and only a few particles were interpreted as "pure" (Fig. 8) . For the CO2 sample, both Si-rich spherical particles and flaky Mg/Fe-rich smectite particles are detected, whereas in the air sample, abundant flaky Mg/Fe-smectites are again detected but some rare Al-rich particles interpreted as kaolinite are also observed (Figs. 8b, c) .
The flaky smectites show intermediate compositions between a Mg-rich saponite and a ferric smectite end-member (Figs. 8a, b) . This is coherent with the characteristic doublet at 2.29-2.31 µm of a saponite observed in the IR spectra, and where the (Fe 3+ )2-OH contribution near 2.29 µm would be masked by the Mg3-OH vibrations (see nontronite and saponite spectra form USGS reported in Fig. 2) dominates the interlayer composition of the air smectite.
Discussion
The precise characterization of the olivine samples after experiment indicates a strong influence of the atmospheric composition on the nature of the alteration products. The following section discusses the effect of a CO2 atmosphere on the formation of clay minerals, amorphous silica and carbonates, and compares our results with the alteration products detected on Mars.
Clay mineral formation
The formation of a Mg/Fe 3+ -rich smectite is clearly identified both under ambient air and under CO2. Its presence is evidenced by IR data, with the appearance of a typical asymmetrical band at 2.31 µm with a shoulder at 2.29 µm attributed to Mg-OH vibrations in smectite (Cuadros et al., 2016) . It is also confirmed by electron microscopy, with the development of numerous flaky particles observed as coating on the olivine grains or/and on the silica spheres for the CO2 sample. No smectite was detected by XRD, suggesting that its abundance is too low to be detected or that this phase is amorphous and therefore could be considered as a precursor. However, the detailed observation of the smectite flakes by HRTEM show clear stacked 001 fringes confirming the crystalline character of these particles (Fig. 6c) . The comparison of the abundance of smectite particles observed by microscopy and of the intensity of the smectite infrared signature at 2.31 µm clearly shows that this mineral is significantly less abundant under CO2 than under air. We note that the diagnostic band at 2.3 µm is similar in position and shape for both samples, thus suggesting a similar nature of the smectite. However, TEM-EDX analyses of particles allowed us to characterize more precisely the crystal chemistry of the smectite formed under the two atmospheres. include the oxidation of it through the reduction of H2O (with emission of H2, as observed in Dehouck et al., 2014a) , or a rapid oxidation of a Fe
2+
-bearing smectite in our CO2 sample upon exposure to ambient air (the transfer time between the glovebox and the IR spectrometer was less than an hour). This aspect being unclear, it will be important in future experiments to avoid any contact with O2 before IR analyses.
Previous experiments presented in Dehouck et al. (2012 Dehouck et al. ( , 2016 carried out at room temperature (15-20 °C) for 4 years with a low fluid / rock ratio (evaporitic environment) under CO2 show the formation of smectites displaying similar morphologies and IR spectral signature (2.29-2.31 µm band) (Dehouck et al. ., 2016) . In this previous study, the chemical analysis of the smectite particles was not possible because of their small sizes. The alteration conditions are not quite the same but this similarity suggests that the difference in temperature and W/R ratio have no impact on the nature of the smectite. Moreover, the range of smectite compositions observed in our samples has been previously reported for synthetic smectites (e.g. Grauby et al., 1994) and for natural ones in weathering profiles of basic or ultrabasic rocks (Nahon and Colin 1982a; Nahon et al. 1982b, c; Colin et al. 1990; Gaudin et al. 2004a Gaudin et al. , 2004b Gaudin et al. , 2005 . Their intermediate compositions would result in intimate mixtures of dioctahedral and trioctahedral domains within the smectite layers (Grauby et al., 1994; Gaudin et al., 2005; Cuadros, 2010) . However, the ferric dioctahedral character of smectites produced by natural weathering appear generally much more pronounced than in our experiments (generally Fe > 1 atom per half unit-cell; e. g. Köster et al., 1999 or Gaudin et al., 2004a . This discrepancy observed between natural and experimental systems would be due to a difference of an open system. Indeed, as suggested by Grauby et al. (1994) : "In closed experimental systems, ferric iron and magnesium are continuously available and may react simultaneously with silica. Whereas in lateritic weathering processes, magnesium is early leached from profiles and iron is incorporated in smectites, oxides or oxyhydroxides".
On Mars, Fe/Mg smectites are the most common clay mineral reported by orbital spectroscopy (e.g., Carter et al., 2013) and have been locally observed in-situ at Gale crater (Vaniman et al., 2014) . According to Carter et al. (2013) Al-rich particles interpreted as kaolinite are observed in the air sample and a significant amount of Al is measured in the Mg/Fe-smectites of both the air and CO2 samples (up to 0.37
per half unit-cell). This Al occurrence is consistent with the band at 2.2 µm detected in the air sample and attributed to Al-OH vibration in smectite. Note that for the CO2 sample, the Al-OH component could be masked by the broad band at 2.2 µm attributed to silica.
Unfortunately, the very low abundance of this element in our experiments prevent us to discuss the possibility of a significant effect of a CO2 atmosphere on its speciation. Future alteration experiments of Al-rich materials (such as feldspar minerals) will facilitate the characterization of its behavior.
Amorphous silica-rich phase
No evidence of a silica-rich phase was found in the air sample, whereas SEM and TEM petrological observations of the surfaces of the CO2-olivine grains showed the development of numerous very small (10-100 nm) amorphous silica-rich spheres. We interpret their presence under CO2 and their absence under air as a consequence of the difference in pH conditions, the lower pH of the former favoring Mg 2+ and Fe 2+ leaching. The significant occurrence of this phase in the CO2 sample is confirmed by the appearance of a broad infrared band near 2.2 µm attributed to Si-OH vibration in amorphous silica. Dehouck et al. (2014a) observed similar particles by TEM but their IR spectra did not show the diagnostic band at 2.2 µm, which suggests a higher maturity and/or a higher abundance of this material in the present study. The higher abundance is likely favored by a longer reaction time and the continuous stirring of the reactors. Indeed, stirring likely favors the removal of the silica-rich layer from the surface of the grains and thus limits the passivating effect of this layer, which in turn would allow more leaching to occur and more spherules to be formed.
Such an amorphous Si-rich phase is often described as a passivating layer, which tends to decrease the dissolution rate of olivine and, in some cases, prevents the formation of any other secondary phase (e. g. King et al., 2010; Garcia et al., 2010; Daval et al., 2011) . Therefore, it is possible that the development of the Si-rich phase in the CO2 sample has contributed to decrease the abundance of the smectite phase compared to the air-sample.
Interestingly, a similar spectral signature attributed to opaline silica is frequently reported from orbital IR data of Mars (e.g., Carter et al., 2013) . More particularly, it is identified in Valles Marineris (Milliken et al., 2008) where it is locally associated with Fe sulfate and interpreted as weathering products of basaltic materials. Silica deposits (as much as 91 wt. % SiO2) near sulfate-rich soil deposits are also reported in Gusev crater by Squyres et al. (2008) and are this time interpreted as formed under hydrothermal conditions. However, opaline silica is also detected in several late-stage delta and alluvial fans dated to the Hesperian to Amazonian periods (Carter et al., 2012) . More recently, amorphous silica was found at Gale crater by the Curiosity rover in association with detrital tridymite , and within diagenetic halos interpreted as a late stage of Si-rich fluid circulation (Frydenvang et al., 2017) . It is also believed to contribute to the poorly-understood amorphous component that has been detected in all samples analyzed so far by the CheMin instrument (e.g., Dehouck et al., 2014b; Rampe et al., 2017) . Therefore, most of these studies suggest that the occurrences of amorphous silica on Mars are disconnected from the major clay forming period and generally associated with low water/rock ratio and late stage conditions. Nevertheless, as reported in McKeown et al. (2011) , its spectral detection using the 2.2 µm feature in Martian reflectance spectra is difficult when it is mixed with Al-OHbearing clays. Thereby, in the study performed by McKeown, the detailed comparison of CRISM Martian spectra from the Al-clay-rich rock units at Mawrth Vallis with laboratory spectra of silica-clay mixtures showed that both AlOH-and SiOH-bearing minerals are actually present in this unit. Thus, our results showing that weathering under a CO2
atmosphere form abundant amorphous silica could partly explain the numerous detections of this phase on Mars in low-T (surface or diagenetic context) and that its presence may not always be decoupled from smectite formation.
Carbonation
The formation of a significant amount of carbonate (3.45 wt %) interpreted as hydromagnesite is shown by IR, TGA and SEM in the CO2 sample, whereas no evidence of such a mineral is detected for the air sample. This occurrence is consistent with geochemical models (e.g. Zolotov et al., 2016) but differs (1) from global martian orbital data which show only rare and local occurrences of carbonates (Carter et al., 2013) and (2) from our previous CO2/H2O experiments of ferro-magnesian silicate alteration (Dehouck et al., 2012; 2014a; . Notice that Wray et al. (2016) suggest that carbonate is more common than previously thought, and is often intermixed with smectites. Concerning the comparison with our previous experiments, in Dehouck et al. (2012 Dehouck et al. ( , 2016 where weathering of olivine and pyroxene minerals in an evaporitic context (very low L/R ratio) is simulated, no evidence of carbonate formation is detected after 4 years of reaction with H2O, whereas carbonate appears when H2O2 is added.
Moreover, in the Dehouck et al. (2014a) experiments. For example, it is possible that in Dehouck et al. (2014a) carbonates were partly dissolved during the vacuum drying procedure. However, one factor proposed by the authors in this last study to explain partly the absence of carbonate is the passivating effect of the amorphous silica-rich layer on the silicate grain surfaces. Indeed, several experiments related to CO2 sequestration at both elevated temperatures and elevated PCO2 (>100°C and >100 bars) also pointed the inhibiting effect of such a silica-rich layer on the carbonation process and the difficulty to model it using geochemical kinetic codes (Béarat et al., 2006; King et al., 2010; Garcia et al., 2010; Daval et al., 2011) . These studies show how this process is partly governed by such passivating layers and by local interfacial mineral-solution environments that are not necessary representative of the bulk solution. This is particularly the case when the particles are not stirred during the experiment or during natural weathering. For example, Béarat et al. (2006) demonstrate how stirring favors the exposure of fresh reactive surfaces by abrasion of the passivating layers and therefore favors carbonation. In the same way, the present experiment which was constantly stirred clearly shows the formation of carbonate, whereas only low amounts of carbonates were detected in our previous experiments which were not or rarely stirred (Dehouck et al., 2012 (Dehouck et al., , 2014a . Therefore, as previously reported in the literature for high T and PCO2 conditions, it is probable that stirring also favors carbonate formation in the present experiment. Additional experiments testing the effect of drying conditions, L/R ratio and composition of the initial material would be necessary to better constrain the parameters favoring carbonate formation both in experimental and natural settings.
Conclusions
This paper focuses on the influence of CO2 on the weathering of a Fo90 olivine comparing two experiments conducted under CO2 and ambient air. Experiments with near similar conditions were previously reported in Dehouck et al. (2014a) , but the low quantity of alteration products formed after 3 months of reaction prevented their detailed characterization. In the present study, a time of experiment five times longer than previously (15.3 months) and a new experimental set up with a continuous stirring of reactors allowed us to increase kinetics and alteration progress and thus to investigate more in detail the nature of the alteration minerals.
Our results confirm that the formation of a Fe/Mg smectite by weathering of a Fo90 olivine is compatible with a CO2 atmosphere. The higher development of the smectitic flacks in these experiments compared to our previous studies allowed for the first time (1) to observe the stacking layers within the particles by HRTEM confirming their crystallized character and (2) to analyze their chemical compositions to obtain their chemical formulae (Table 3) Moreover, the CO2 atmosphere induces the development of numerous silica-rich spherical particles coated on the olivine grains, whereas such a phase appears absent under ambient air. Similar particles were already observed in Dehouck et al. (2014a) but with a nondiagnostic near-infrared spectral signature and their morphologies, less distinct, were described as "cotton-like". The silica-rich particles formed in the present experiment shows this time a 2.2 µm diagnostic band suggesting a higher maturity of these particles compared to the previous ones. The abundance of this phase suggests that its occurrence could be actually more abundant than previously reported for Mars, as suggested by the ubiquitous detection of amorphous material in the sedimentary rocks of Gale crater. A detailed study of spectra from the Al-clay-rich units of Martian weathering profiles as performed by McKeown et al. (2011) at Mawrth Vallis where silica was detected would be necessary to confirm it. were measured by mass spectrometry in real-time along with each mass loss. (Fig. b ). An 1, 6: TEM-EDX data reported in Table 3 , and Fig. 8 . 
Appendix 1: Equipment used for analyses
The chemical composition of the bulk powder olivine was measured at the LPG-Nantes laboratory by Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES, iCAP 6300 Radial, Thermo Scientific). Before analysis, sample was prepared by alkaline fusion with LiBO2 at 1050°C and by digestion with HNO3 (10 %). The standard addition method was used to quantify minor elements (Na, Al, Ca, Cr, Mn, Co).
Powder X-ray diffraction (PXRD) data were obtained at the IMN laboratory (Nantes, Frances) using a Brüker "D8 Advance" powder diffractometer operated in Bragg-Brentano geometry with a Cu anode sealed X-ray tube and a focusing Ge(111) primary monochromator (selecting the Cu Kα1 radiation; λ = 1.540598 Å). PXRD patterns were acquired between 3.5 and 70°2θ
with steps of 0.0157° and a counting time per step of 0.8 s.
Near-infrared spectra of our initial and weathered powders were acquired at the LPGN laboratory (Nantes, France) using a Nicolet 5700 Fourier transform infrared spectrometer (FTIR) equipped with a tungsten-halogen white-light source, a CaF2 beam splitter and a DTGS detector. For each sample, the FTIR chamber was first purged for four minutes with dry and CO2-free air. Spectra presented in this paper are the average of 200 measurements in the wavelength range of 1-5 µm (10000-2000 cm -1 ) with a resolution of 4 cm -1 . Background spectra were acquired using a Labsphere-Infragold reference, with a rough surface optimized for powder analyses. Data acquisition and background correction were done using the OMNIC software.
Thermogravimetric analyses (TGA) were performed at the IMN laboratory (Nantes, France) using a Setaram sensys evo TG-DSC 111 thermobalance and a Quadrupole Mass (Cliff and Lorimer, 1975) . In this procedure, the acquired EDX spectra are corrected by background subtraction (Bremsstrahlung calculation),
Gaussian deconvolution, and k factors corrections using values previously calculated on layer silicate standards with known homogeneous compositions (Berthonneau et al., 2014) .
